I. Introduction
Satellite constellations are families of orbits selected to provide useful coverage patterns for telecommunications, Earth observation and navigation services. Such constellations are often assembled from families of circular orbits, which ensures a uniform spacing between satellites in each circular ring. However, there is a large class of elliptical orbits which are of practical interest including Molniya-like orbits and so-called Magic orbits [1, 2] . Constellations of satellites using such elliptical orbits will then exhibit a time varying spacing between satellites as the orbital angular velocity experienced by each satellites varies around the elliptical ring.
While current constellations use relatively modest numbers of satellites, future microspacecraft [3] or 'smart dust' type devices [4, 5] may enable constellations with extremely large numbers of nodes. In this Note a continuum approach is used to model the dynamics of such constellations. A continuity equation is formed to describe the evolution of the number density of nodes as a function of both true anomaly and time. For small eccentricities, the continuity equation can be solved analytically to provide closed-form solutions which describe the evolution of the constellation for some initial distribution of nodes. The closed-form solutions can then be used to investigate pattern formation in elliptical rings. Wave-like patterns are found which circulate around the elliptical ring, with peaks in density which can in principle be used to provide enhanced coverage. A similar continuum approach with a continuity equation has been used in previous studies to develop closed-form solutions which model the time evolution of the radial distribution of constellations of microspacecraft under the action of air drag [6, 7] .
II. Continuity equation for an elliptical ring
A single elliptical orbit of semi-major a and eccentricity e will now be considered, as shown in Fig. 1 , with the location of each node define by its true anomaly θ. A large number N of . The continuity equation can now be solved using the method of characteristics [9] to provide a general solution ( )
for an arbitrary initial value problem defined by ( ) 0 , θ n , although it will later be assumed that the orbit eccentricity e is small.
III. General solution to the continuity equation
Before solving the time-dependant continuity equation, a steady-state solution can be found by requiring
, so that the number density is a function of true anomaly only.
Then, it can be seen from Eq. 
With this distribution of nodes the pattern formed by the constellation is invariant with time.
This is an exact solution of the continuity equation valid for all values of eccentricity e<1.
Such an initial distribution can be used in the design of an elliptical constellation which requires a time invariant pattern. It can be seen from Eq. (7) that the number density at apocenter is enhanced such that ( ) ( ) ( ) ( ) ( ) 
Then, using the method of characteristics [9] , the partial differential equation defined by Eq.
( 7) can be written as two ordinary differential equations such that
where the partial differential equation is transformed into an ordinary differential equation along the characteristic curves. In order to proceed with the analysis and obtain an explicit closed-form solution, it is necessary to assume a small eccentricity for the ring, although an implicit solution valid for high eccentricity is outlined in Appendix A. From Eq. (5) it can then be seen that
and so
The characteristics of the problem can now be obtained from Eq. (8a) and Eq. (9) as 
where 
where
. In order to proceed, initial data ( ) 0 , θ n must be provided to determine the functional form of
, as will be seen in Section IV.
Lastly, if a ring of uniform number density is required such that ( ) n t n = , θ , and so
, then from Eq. (7) it can be seen that 
which again represents a wave-like pattern propagating around the elliptical ring. Considering the time variation of the density observed at the pericenter and apocenter of the ring it can be seen that
so that the density at pericenter therefore falls by e n 2 − ≈ ∆ , whilst the density at apocenter is 
